According to both in vitro and in vivo data P-glycoprotein (P-gp) may restrict the uptake of several antidepressants into the brain, thus contributing to the poor success rate of current antidepressant therapies. The therapeutic activity of citalopram resides in the S-enantiomer, whereas the R-enantiomer is practically devoid of serotonin reuptake potency. To date, no in vivo data are available that address whether the enantiomers of citalopram and its metabolites are substrates of P-gp. P-gp knockout (abcb1ab (-/-)) and wild-type (abcb1ab (+/+)) mice underwent acute (single-dose) and chronic (two daily doses for 10 days) treatment with citalopram (10 mg/kg) or escitalopram (5 mg/kg). Serum and brain samples were collected 1-6 h after the first or last i.p. injection for subsequent drug analysis by an enantioselective HPLC method. In brain, 3-fold higher concentrations of S-and R-citalopram, and its metabolites, were found in abcb1ab (-/-) mice than in abcb1ab (+/+) mice after both acute and chronic citalopram treatments. After escitalopram treatment, the S-citalopram brain concentration was 3-5 times higher in the knockout mice than in controls. The results provide novel evidence that the enantiomers of citalopram are substrates of P-gp. Possible clinical and toxicological implications of this finding need to be further elucidated.
Introduction
The blood-brain barrier (BBB) contains various membrane transporters and one of the most important is P-glycoprotein (P-gp) which regulates the efflux of several central nervous system (CNS) active drugs (Loscher and Potschka, 2005 ). P-gp can limit the penetration into, and retention within, the brain and thus modulate the effectiveness and CNS toxicity of numerous compounds (Ebinger and Uhr, 2006) . High levels of P-gp have been found in the endothelial cells that line small blood capillaries and form the BBB (Cordon-Cardo et al., 1989) . P-gp is not only expressed in the BBB, it is expressed for example in the kidneys, liver and the intestine (Thiebaut et al., 1987 (Thiebaut et al., , 1989 . P-gp is encoded by the ABCB1 gene (or MDR1) in humans and by abcb1a (mdr1a or mdr3) and abcb1b (mdr1b or mdr1) in mice (Devault and Gros, 1990) . The two mouse genes are supposed to exhibit similar characteristics as the human isoform. Accordingly, the abcb1ab knockout mouse model has been a valuable tool to identify drugs that are P-gp substrates (Doran et al., 2005; Karlsson et al., 2011; Karlsson et al., 2010; Kirschbaum et al., 2008; Uhr et al., 2000; Wang et al., 2004) .
The existence of two pharmacophores on P-gp increases the possibilities for multiple chemical structure recognition (Garrigues et al., 2002) . This is one reason that the P-gp substrate specificity of drugs should be considered on individual merit. According to both in vitro and in vivo data P-gp may restrict the uptake of several antidepressants into the brain, thus contributing to the poor success rate of current antidepressant therapies (Ejsing et al., 2007; Linnet and Ejsing, 2008; O'Brien et al., 2012) . While there is evidence that venlafaxine and paroxetine are substrates of P-gp (Karlsson et al., 2010; , the results are contradictory for citalopram (Rochat et al., 1999; . showed that the brain concentrations of racemic citalopram in wild-type mice were lower than the brain concentrations in P-gp knockout mice, suggesting that citalopram is actively exported out of the brain by P-gp. However, no in vivo data are available that address whether the enantiomers of citalopram and its metabolites are substrates of P-gp.
Citalopram is a racemic mixture of the (S)-(+)-and (R)-(-)-enantiomers. The SSRI activity of citalopram resides in S-citalopram, whereas R-citalopram is practically devoid of serotonin reuptake inhibitory potency (Burke et al., 2002; Hyttel et al., 1992; Lepola et al., 2004; Montgomery et al., 2001; Owens et al., 2001; Wade et al., 2002) . Due to this fact, Scitalopram has been developed as a single enantiomer drug (escitalopram). In addition, using a variety of behavioral tests, it has been shown that escitalopram displays a more rapid and efficacious effect than citalopram, and that R-citalopram counteracts these effects in vivo and in vitro (Mork et al., 2003; Sanchez et al., 2003a; Sanchez et al., 2003c; Sanchez and Kreilgaard, 2004) . Accordingly, it is of clinical as well as toxicological relevance to examine the role of P-gp on possible differences in the brain disposition of the S-and R-enantiomers of citalopram and its metabolites. Therefore, in the present study, enantiomeric drug and metabolite concentrations were measured in serum and brain samples from P-gp knockout and wild-type mice after acute and chronic treatment with citalopram and escitalopram.
Experimental procedures

Drugs and chemicals
For the citalopram experiments, racemic citalopram-HBr (kindly provided by H. Lundbeck A/S, Copenhagen-Valby, Denmark) was dissolved in 0.9% NaCl and administered intraperitoneally (i.p.). For the escitalopram experiments, an infusion solution consisting of escitalopram (Lundbeck A/S, Copenhagen-Valby, Denmark) was used for the i.p. injections.
All other chemicals were of the purest grade commercially available.
Animals
Male abcb1ab (-/-) mice (mean weight, 32 g) on a FVB/N background (Taconic, Germantown, NY) and male FVB/N wild-type mice (abcb1ab (+/+)) (mean weight, 29 g) were housed in groups of 2-5 in cages with sawdust bedding under normal indoor temperature (22˚C) and humidity (60%), and maintained on 12-hour light-dark cycle, with food and water ad libitum. All experiments were performed in accordance with the guidelines and were approved by local authorities. (Bourin et al., 1998; Crowley et al., 2005; Cryan et al., 2004) . At 1, 3 and 6 hours following drug administration, the mice were decapitated under anesthesia with isoflurane. Trunk blood was collected in tubes and thereafter the brain was dissected. The blood samples were left at room temperature to allow clotting and thereafter centrifuged (3000g for 10 min). The brains were weighed and homogenized in 2 ml Milli-Q water (Millipore AB, Stockholm, Sweden) by sonification (Sonics Vibra-Cell VC 130; Chemical Instruments AB, Sweden) and centrifuged at 2000g for 15 min. All samples were frozen at -70°C until further analysis.
Experimental design
Acute experiments
Chronic experiments
Abcb1ab (-/-) (n=5) and abcb1ab (+/+) mice (n=5 per drug) were injected i.p. with 10 mg/kg citalopram or 5 mg/kg escitalopram twice daily (9:00 a.m. and 7:00 p.m.) for 10 days. Two of the knockout mice died for unknown reasons during citalopram treatment (i.e. n=3 in this group), but otherwise, the mice tolerated the treatment well. One hour after the last injection, the animals were decapitated under isoflurane anesthesia. The samples were collected and processed in the same way as the acute samples (see section 2.3.1 above).
Drug concentration determination
The concentrations of the S-and R-enantiomers of citalopram, demethylcitalopram (dmcitalopram), and didemethylcitalopram (ddm-citalopram) in serum (nmol/l) and brain homogenate supernatant (pmol/g ≈ nmol/l) were determined by using HPLC with fluorescence detection as described previously (Rochat et al., 1995) with some modifications Kugelberg et al., 2001) ng/ml) for dm-citalopram and 1.7-67 nmol/l (0.5-20 ng/ml) for ddm-citalopram. The absolute recoveries from spiked drug-free plasma were between 87 and 110% ). The brain tissue extraction recoveries for citalopram and metabolites were found to be around 40% (Wikell et al., 1999) .
Statistics
Data are presented as means ± SEM. Student's t-test for unpaired observations was used to compare differences between abcb1ab (-/-) and abcb1ab (+/+) mice. A probability less than 5% (p < 0.05) was considered statistically significant. All statistical analyses were performed using StatView  for Windows Version 5.0 (SAS  Institute, Cary, NC; USA).
Results
Citalopram treatment
The concentrations of the S-and R-enantiomers of citalopram in serum and brain are displayed in Table 1 . The S-enantiomer concentrations of the metabolites are shown in Table   2 . In both wild-type and knockout animals, the concentrations of citalopram in brain were higher compared to drug concentrations in serum after injection of citalopram at all time points. The brain concentration of the S-enantiomer of citalopram was 2.8-3.4 times higher in the knockout mice than in controls ( Fig. 1C : acute 1 h, p<0.001; acute 3 h, p<0.001; chronic 1 h, p<0.01). For the metabolites, the brain concentrations of the S-enantiomer of dmcitalopram and ddm-citalopram were 2.7-13 and 3.5-17 (except for S-ddm-citalopram at 1 h) times higher in the knockout mice than in controls, respectively ( Table 2 ). The mean ratio of brain to serum S-enantiomer concentration of citalopram and dm-citalopram was significantly higher in the knockout mice than in the wild-type mice ( Fig. 2A and C) . The enantiomeric S/R concentration ratio of citalopram in serum was significantly higher in wild-type mice than in knockout mice after acute (1 h) treatment (Fig. 3A ), but no difference was observed after chronic treatment (Fig. 3B) .
Escitalopram treatment
The serum and brain concentrations of escitalopram and metabolites are displayed in Table 1 and Table 2 , respectively. The S-citalopram brain concentration was 3.2-4.6 fold higher in the knockout mice than in controls (Fig 1D: acute 1 h p<0.01; acute 3 h p<0.001; chronic 1 h, p<0.001). There were no differences in serum concentrations between the knockout and wildtype mice. For the metabolites dm-citalopram and ddm-citalopram, the brain concentration of the S-enantiomer was 3.2-6.4 and 2.6-10 times higher in the knockout mice than in controls (Table 2 ). The mean ratio of brain to serum S-enantiomer concentration of citalopram and dm-citalopram was significantly higher in knockout mice than in control mice ( Fig. 2B and   D ).
Comparison of citalopram and escitalopram treatment
The serum and brain S-citalopram concentrations after citalopram and escitalopram treatment are displayed in Fig. 1 and Table 1 . When comparing the two treatment regimens in wild-type mice, the serum concentrations of citalopram and escitalopram were in the same range (632-740 nmol/l) for the acute (1 h) and chronic groups (Fig. 1A-B) . However, at the 3 h time point a difference between the treatments were found with 2 fold higher S-citalopram concentrations in serum after citalopram treatment compared to escitalopram treatment (121 vs. 59.3 nmol/l). Both treatments resulted in brain S-citalopram concentrations in the same range for all three time points (Fig. 1C-D) .
When comparing the S-enantiomer concentrations for the metabolites dm-citalopram and ddm-citalopram in wild-type mice, higher serum concentrations were found in animals treated with escitalopram (2 and 4.6 folds) compared to animals treated with citalopram (Table 2 ).
Comparing S-enantiomer metabolite/parent drug (M/P) ratios for dm-citalopram/citalopram, the ratios were 1.2, 5.6 and 0.7 in animals treated with citalopram and 2.9, 6.9 and 1.5 in 
Discussion
The results of the present study provide novel evidence that both the S-and R-enantiomers of citalopram are substrates of P-gp. In addition, escitalopram has to our knowledge not previously been tested in this mice model. We report 3 times higher brain concentrations of S-
and R-citalopram, and its metabolites, in abcb1ab (-/-) knockout mice than in abcb1ab (+/+)
wild-type mice after both acute and chronic citalopram treatment. After escitalopram treatment, the S-citalopram brain concentration was 3-5 times higher in the knockout mice than in controls.
For citalopram, our results are in line with the results reported by using the same animal model. They reported a brain abcb1ab (-/-) to wild-type concentration ratio of 3.0 one hour after s.c. treatment (present study 3.1). Our chronic results are also in line with a similar study by Uhr et al. (2008) with a brain abcb1ab (-/-) to wild-type concentration ratio of 2.8 (present study) compared to 3.0. In a recently published study in which the single knockout mice (mdr1a deficient mice) were used for chronic citalopram treatment, a brain abcb1a (-/-) to wild-type concentration ratio of 1.9 was observed (Bundgaard et al., 2011) . The absolute brain concentrations differed due to differences in administration regimes; i.e. daily injections and osmotic pumps, respectively, and duration of treatment. The present study included a longer time span than other investigators (up to 6 h), measurements of the enantiomeric drug and metabolite concentrations, and also escitalopram treatment. In the present study, the ratio of citalopram concentration in brain between abcb1ab (-/-) mice and wild-type mice was 3.1 (1 h, acute). We showed recently for the antidepressant venlafaxine that the ratio of concentration in brain between abcb1ab (-/-) mice and wild-type mice ranges between 2.0 and 3.7 for the mother compound (Karlsson et al., 2011; Karlsson et al., 2010) . These ratios might not be considered very high compared with some substances with higher affinity for P-gp e.g. digoxin (ratio 19) (Mayer et al., 1997) .
However, according to other investigators (Doran et al., 2005) , an increase by 200% or more in brain concentration of antidepressants is considered to be of clinical relevance in patients undergoing therapy.
The acute and chronic treatment regimens resulted in similar pharmacokinetic profiles for both citalopram (wild-type brain/serum ratio 2.0 and 1.6, acute vs. chronic; p=0.1) as well as escitalopram (wild-type brain/serum ratio 1.7 and 1.2, acute vs. chronic; p=0.07) indicating that the chronic treatment has no, or very little, effect on the expression levels of P-gp, at least up to 10 days of drug administration. This is in contrast to other substrates of P-gp such as dexamethasone and ritonavir (Gutmann et al., 2006; Narang et al., 2008; Perloff et al., 2004) .
However, venlafaxine has been reported to induce the expression of P-gp (Doran et al., 2005; Ehret et al., 2007) an effect not seen in our previous acute and chronic venlafaxine studies in the wild-type mouse (Karlsson et al., 2011; Karlsson et al., 2010) . In another recently published study, venlafaxine was found to induce the expression of P-gp but no effect on induction was seen for desvenlafaxine (i.e. O-desmethylvenlafaxine) (Bachmeier et al., 2011) .
It should be mentioned that we have not measured the expression of P-gp and that there might be an induction not seen in our results. In the present study, we have focused on brain and serum. This might be a limitation but on the other hand, Uhr and co-workers have shown in previous studies that administration of antidepressants (amitriptyline and citalopram) did not result in any significant differences in tissue drug levels besides the brain Uhr et al., 2007; Uhr et al., 2000) . The results from these studies indicate that although transport in other tissues than the brain is also eliminated by the P-gp knockout its overall impact seems to be of limited relevance. P-gp might have different affinity for the enantiomers of citalopram. Interestingly, using a variety of in vivo and in vitro models, it has been shown that R-citalopram counteracts the serotonin enhancing properties of S-citalopram Mnie-Filali et al., 2007; Mork et al., 2003; Sanchez et al., 2003b) . This finding of an unfavorable effect of R-citalopram emphasizes the relevance of the importance of enantioselective drug analysis, especially in depressive patients not responding to citalopram treatment. In the present study, we investigated the disposition of the S-and R-enantiomers of citalopram and metabolites to explore a potential stereoselective P-gp mediated transport. However, such evidence could not be found. To further elucidate this matter it would be interesting to investigate the pharmacokinetics of the pure R-enantiomer of citalopram in P-gp deficient mice. The mean serum S/R ratios of citalopram after acute and chronic treatment were 2.7 and 2.3 in knockout mice and 3.8 and 2.5 in wild-type mice. The differences in serum S/R ratios seen after acute treatment cannot be completely explained by accumulation in brain. The total loss of P-gp might change the volume of distribution which can influence the drug elimination (Endres et al., 2006) . These enantiomeric ratios are much higher compared to corresponding ratios in humans and rats (S/R ratios of 0.59 in patients and around 0.9 in rats given 10 mg/kg citalopram) indicating possible species differences Kugelberg et al., 2001 Kugelberg et al., , 2003 . When comparing S/R ratios, there can be a stereoselective metabolism in mice not seen in humans or the opposite situation. In humans, citalopram is metabolized primarily by CYP2C19 and to a lesser extent by CYP2D6 and CYP3A4 (Brøsen and Naranjo, 2001; Fudio et al., 2010; Yin et al., 2006) . Studies have shown a stereoselective metabolism where the enzymes favor a more rapid demethylation of the S-enantiomer over the R-enantiomer.
Further metabolism of dm-citalopram into ddm-citalopram is also shown to be stereoselective but with a more rapid demethylation of the R-enantiomer over the S-enantiomer (Olesen and Linnet, 1999) . Citalopram and the two metabolites can also be stereoselectively metabolized into propionic acid by monoamine oxidase B (MAO B) where the S-enantiomer is favored over the R-enantiomer (Kosel et al., 2001; Rochat et al., 1998) . The metabolism of citalopram in mice has to our knowledge not been studied in the same detailed manner as for rats.
However, a stereoselective drug metabolism in mice is the most likely explanation for the higher M/P ratios observed after escitalopram treatment compared with citalopram treatment.
The serum (S+R) dm-citalopram/citalopram ratios in humans are 0.31-0.60 (Reis et al., 2003) which can be compared to the present serum ratios of 0.63-4.2 in wild-type mice after citalopram treatment. Other factors to consider when comparing results from different studies are the administration routes, the dose given and the time of sampling in relation to when the drug was given.
Drug levels in the brain could affect therapy response and clinical outcome. Consequences of enantioselectivity in the activity of P-gp should not be neglected (Choong et al., 2010) . It has been reported that several factors can influence the level of P-gp expression in man. Some single nucleotide polymorphisms (SNPs) in the ABCB1 gene have been studied (Kim et al., 2001) , that influences P-gp expression and result in functional differences in absorption and disposition of drugs (Hoffmeyer et al., 2000) . Furthermore, drugs are known to induce or inhibit P-gp function in vivo, e.g. dexamethasone, rifampicin, verapamil, cyclosporine A, HIV protease inhibitors, as well as psychoactive drugs.
In summary, it is concluded that P-gp actively transports both the S-and R-enantiomers of citalopram and its two demethylated metabolites. We found no evidence for a stereoselective P-gp mediated transport. Further studies are encouraged to explore possible clinical and toxicological consequences of this finding. 
